Background: To analyze perioperative and radiographic outcomes following revision surgery using lateral lumbar interbody fusion (LLIF) performed entirely in the lateral position. Traditionally, patients undergoing interbody fusion in the lateral decubitus position are placed prone for pedicle screw fixation. However prone positioning carries known risks and may increase surgical time due to the need to re-drape and reposition. Little is published regarding revision surgery in a single position. Methods: Sixteen patients over the age of 18 with degenerative lumbar pathology who underwent a revision of previous lumbar fusion using interbody fusion via lateral access and revision of posterior instrumentation from a single surgeon met inclusion criteria. Patients who underwent combined procedures requiring repositioning or had inadequate preoperative imaging were excluded. Patients remained in the lateral decubitus position for the entirety of the procedure including interbody placement, revision of prior instrumentation, and pedicle screw fixation. Demographics, surgical details, and perioperative outcomes were reported.
Introduction
Lateral access surgery or lateral lumbar interbody fusion (LLIF) for treatment of degenerative lumbar conditions has seen an increase in popularity among spine surgeons since its initial introduction (1) (2) (3) (4) . More recently, the feasibility of single position lateral surgery has been explored (5) .
regarding the utility of performing single position lumbar revision surgery.
The lateral position tends to be better tolerated by the patient compared to prone surgery and avoids many of the major concerns that exist with prone positioning including but not limited to: postoperative vision loss, cardiovascular complications, hypovolemia, reduced pulmonary compliance, and cardiac arrest (10) (11) (12) .
The purpose of this study was to present perioperative complications and short-term outcomes from a series of patients who underwent LLIF for revision of prior instrumented lumbar fusions with revision of the posterior instrumentation and bilateral percutaneous pedicle screw placement while maintaining the patients continuously in the lateral decubitus position.
Methods
This retrospective chart review was approved by the Stanford University Institutional Review Board (#7935). All revision LLIFs performed via lateral access from a single surgeon (I Cheng) from November 2014 to June 2018 were eligible for study inclusion.
Patient population and data collection
Inclusion criteria were patients over the age of 18 undergoing revision LLIF for any degenerative lumbar pathology who also had previous instrumented lumbar fusions. Exclusion criteria included patients with a history of retroperitoneal surgery, those with inadequate preoperative imaging available for review, and patients undergoing combined procedures including direct posterior decompression, trans-foraminal lumbar interbody fusion, posterior lumbar interbody fusion, or anterior lumbar interbody fusion (ALIF).
The final cohort consisted of sixteen patients. Patient demographics [age, sex, and body mass index (BMI)] and surgical details (previous lumbar spine surgeries, indications for surgery, and number of operative spinal levels) were recorded. Imaging consisted of preoperative and postoperative anteroposterior (AP) and lateral lumbar films with measurement of overall and segmental lordosis. Two senior orthopaedic residents that remained independent of the surgeries measured the radiographs. Surgical characteristics investigated included estimated blood loss, operating room time, pre-to post-operative change in overall lordosis, length of stay, comorbidities and reoperation rates (within 30 days).
Postoperative protocol for the primary surgeon includes formal standing films for all postoperative fusion patients prior to discharge and then again at first follow up at 6 weeks post op. Computed tomography is not routinely obtained. Pedicle screw breach, if relevant, is monitored clinically and with radiographs.
Surgical technique
Patients were all placed in the lateral decubitus position for the lateral approach, discectomy, interbody sizing, and placement. Electromyography and fluoroscopy were used during the entirety of the procedure. Patients remained in the lateral decubitus position for revision of the posterior instrumentation and percutaneous pedicle screw fixation. Revisions of the posterior instrumentation included removal of implants and/or adding onto the prior instrumentation.
Tip and tricks
For those unfamiliar with single-position lateral decubitus surgery for interbody placement, fixation, and revisions, the authors have learned some tips and tricks which may be helpful. First, proper patient positioning is crucial. To access the dorsal aspects of the patient adequately, the patient should be placed with their back closer to the edge of the operating table than may be usual. Second, draping must be carefully performed to provide access to the downside of the patient. Stapling the drapes may be helpful in maintaining sterility of the field. Third, sufficient space should be provided for the C-arm fluoroscopy to image each operative level both in the AP and lateral views. This may require positioning the patient's arms with the elbows bent at 90-degree and placement of any retractor arm attachments on the dorsal aspect of the patient. Fourth, practicing lateral position screw placement in a laboratory setting can be a boon. The authors have found that the visual-spatial orientation of placing pedicle screws at a 90-degree angle to typical screw placement can be daunting. It may be beneficial to use navigation in the early stages of screw placement. Finally, the authors have found that paraspinal Wiltse-type incisions provide easier access to previously placed instrumentation than a midline approach. Fluoroscopic identification of the location of prior implants prior to incision can aid in precise dissection.
Results
Sixteen patients met inclusion criteria and were included in the analysis. The majority of cases were undergoing revision for a diagnosis of adjacent segment disease (ASD) (85% of cases) followed by pseudarthrosis in 23%. All pseudarthrosis diagnoses were confirmed upon exploration of the fusion. Fifty-four percent of cases were a single-level, 46% were two-level. All cases were performed by a single surgeon at a single institution. The mean patient age was 66 years (range, 19-88 years), 70% of which were male. The mean BMI was 27.4 (range, 19.9-42.5) and 38% had diabetes. The mean Charleson Comorbidity Index (CCI) was 3 (range, 0-6) (see Table 1 for patient demographics; see Table 2 for surgical characteristics).
All patients successfully underwent revision in the lateral position for both LLIF and bilateral pedicle screw and rod fixation. The extent of revision varied by indication. In 46% of cases an anterior longitudinal ligament (ALL) release was performed in addition to the placement of the anterior interbody device. In the majority of cases the previous posterior instrumentation was removed prior to new posterior instrumentation (69%), and in 38% rod connectors were utilized (see Table 2 for operative characteristics) The mean operative time was 211 minutes for all cases, 161 minutes for single-level procedures and 296 minutes for two-level procedures. Mean estimated blood loss was 206 cc. The mean patient age was 66, 70% of which were male. Mean hospital stay was 3 days. The mean BMI was 27.4 and CCI was 3. All cases were performed on the lumbar spine T12/L1-L4/L5), except for a single T10-11 pseudarthrosis (with the majority of procedures performed at the L2/3 level (52%). The mean pelvic incidence (PI) was 60 degrees (range, 41-71 degrees) with mean preoperative PI/lumbar lordosis (LL) mismatch of 23.9 degrees. Mean postoperative PI/LL mismatch was 12 degrees.
There were no reoperations within 30 days ( Tables 3,4 ; Figures 1,2 ).
Discussion
Revision spine surgery after lumbar fusion is a challenging proposition. Even with clear indications for reoperation, clinical outcomes measured by Oswestry Disability Index (ODI) and patient reported surveys after revision may not capture statistically significant improvement (8, 13, 14) . This is complicated by the fact that revision surgery is associated with a high complication rate, in addition to the considerable cost associated with revision surgery (6, 7) . This makes careful review of high risks versus the benefits by the surgeon and patient extremely important prior to proceeding with revision lumbar fusion. With safety as the primary concern, once the decision has been Post-op PI-LL mismatch, mean 12 PI, pelvic incidence; LL, lumbar lordosis. made to proceed with revision surgery, it is important to consider modifiable variables that may alter the risk profile of the surgery. One of those important considerations is the position in which the procedure is performed. Most commonly, these procedures are performed in the prone position, or a combination of supine and prone positioning, due to the convenience of prone positioning in terms of ease of access as well as surgeon familiarity. The prone position, however, carries with it significant and well-documented risks that can result in permanent disability, including but not limited to: postoperative vision loss, cardiovascular complications, hypovolemia, reduced pulmonary compliance, and cardiac arrest (10) (11) (12) . The lateral position, on the other hand, tends to be better tolerated by the patient compared to prone surgery and avoids many of the major concerns that exist with prone positioning (10) (11) (12) .
As healthcare systems move towards value-based care, considerations of alternative forms of surgical techniques that decrease cost without compromising patient safety and surgical outcomes deserve investigation (15, 16) . Lateral access surgery is one of these techniques that can enable decrease cost through shorter operative time and lowered risk (5) . The feasibility of lateral access surgery has been well documented, and its increasing popularity dovetails with this trend of value-based care (1) (2) (3) (4) (5) . Our study builds on the previous work of Blizzard and Thomas, which was a case series on single-position for primary surgeries (5) . Our feasibility study of 16 patients investigated surgical characteristics including operative time, blood loss, length of stay, and degree of lordosis correction obtained in patients undergoing revision lateral lumbar surgery all in the single lateral position.
Indications for revision spine surgery in our series are similar to those that have been previously published, with the majority of surgeries being performed for pseudarthrosis and junctional disease, including both degenerative changes alone and proximal failure with kyphosis. Previous reports have shown that revision surgery for these indications can improve patient reported outcomes (PRO). Dede et al. retrospectively reviewed 64 patients with either a primary diagnosis of degenerative disk disease or spondylolisthesis that underwent revision surgery for pseudarthrosis by means of anterior, posterior, or combined approaches with or without interbody (8) . The investigators found that 50% of patients noticed improvement on PRO after their revision surgery when their primary diagnosis was degenerative disc disease, and 64% noticed improvement when their primary diagnosis was spondylolisthesis (8) . These findings are consistent with other studies investigating revision outcomes and help to characterize the improved outcomes attainable with revision surgery (9) .
ASD was also a common indication for revision surgery. Du et al. reported a pilot study of 20 patients who underwent unilateral pedicle screw fixation after LLIF for treatment of lumbar ASD (4). Mean operative time was 214 minutes, mean blood loss was 187 cc, and mean hospital stay was 4.4 days. These patients all had unilateral pedicle screw placed in the newly fused, adjacent level. This study demonstrated the utility of LLIF for treatment of adjacent disease with improvement in postoperative visual analog scale (VAS) pain scores. Preoperative to postoperative comparisons of functional outcomes scores including ODI and SF12-PC did not show a significant difference. Our study had comparable means in terms of blood loss and operative time with bilateral pedicle screw placement, further demonstrating the feasibility of using a single position technique for the treatment of ASD.
Owens et al. further showed that the specific approach during revision surgery can affect the outcomes of the revision surgery. In their series they reviewed the impact of surgical approach when addressing pseudarthrosis. Approaches investigated included ALIF, posterolateral fusion (PSF), transforaminal interbody fusion (TLIF), and combined anterior and posterior fusions (AP). They identified significant differences in EBL (mean range, 272-770 mL), OR time (mean range, 178-327 min), and length of stay (mean range, 4-6 days) (17) . In the study by Du et al., they also reported perioperative outcomes in their series of patients undergoing single level revision surgery for ASD utilizing a two-position approach with LLIF combined with unilateral posterior fusion. They reported a mean operative time of 214 min, mean EBL of 187 mL, and mean LOS of 4.4 days (4). Our surgical characteristics for revision surgery performed entirely in the lateral position included a mean operative time of 161 minutes for single level fusions, mean EBL of 206 cc, and mean length of stay of 3.2 days. These values are similar to published rates for single level revision lumbar spine surgery using two position LLIF as reported in Du's study (4) . When compared to the study by Owens et al. the reported values for all four approaches are higher compared to those reported in our study (17) . Thus, we present an additional approach spine surgeons may utilize when addressing the complex issue of lumbar pseudarthrosis.
In addition to the potential decreased risk associated with single position lateral surgery, there is also potential for decreased cost as well. In the cost effectiveness analysis by Adogwa et al., revision decompression and extension of fusion was associated with a mean 2-year cost of $80,594 per quality-adjusted life-year (QALY) gained (6) . This cost per QALY is well below the accepted cost-ineffectiveness thresholds and further studies have corroborated these findings (7) . Furthermore, single position surgery eliminates the need to reposition the patient as well as the need for a second set of surgical drapes or prep. Considering that, there is potential for further cost saving based on equipment and more importantly, OR time, which can contribute considerable cost to a surgery (16) . In combination with the already acceptable costeffectiveness of revision spine surgery, single position lateral access surgery represents an additional cost savings that has not yet been explored.
It is well accepted that restoring lordosis is key to successful lumbar fusion surgery. Therefore, when discussing options for lumbar fusion, it is also important to consider their effects on sagittal alignment. There have been many studies showing that prone positioning with hip extension significantly increases postural lordosis when compared to supine positioning (18, 19) . Furthermore, this increase in lordosis is subsequently maintained postoperatively after instrumented fusion (20) . There is theoretical concern that single position all lateral surgery, as in this series, would not permit sufficient sagittal correction. Interestingly, this is not what we found in our series as we have shown significant increase in LL with correction of mismatch. The majority of the previous studies showing an increase in lordosis in the prone position are in patients without any anterior surgery or intervertebral implant. More recent studies have actually shown that significant sagittal and coronal correction is obtained through lateral position surgeries with the interbody cage alone, as well as with compression of the posterior instrumentation construct, and that in fact the posterior positioning itself actually contributed no significant increase in lordosis (21) .
This study has several limitations. Given the pilot nature of the study the cohort of patients is relatively small and there is no control group. However it is critical to report early outcomes in order to refine technique. Long-term fusion results are also not reported but further studies demonstrating fusion rates and need for revision surgeries are underway.
Conclusions
Revision lumbar surgery in the lateral position is feasible with surgical characteristics including blood loss, operative time, and hospital stay comparable to published literature. The need to reposition is eliminated and single position surgery theoretically reduces operative time and represents a potential cost savings. Single position lateral surgery is an additional approach that can be considered for revision lumbar surgery.
